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Abstract. This paper presents the flexural behavior of steel beams strengthened with 
partial-length adhesive-bonded carbon fiber-reinforced polymer (CFRP) plates under static 
four-point bending. An initial bond defect was intentionally introduced in the constant 
moment region of the CFRP-strengthened steel beams. In the experimental program, the 
test variables included the size of the initial bond defect, FRP modulus, FRP plate length, 
and condition of the steel beam before installation of the FRP plate (undamaged and pre-
yielded conditions). Based on the test results, the presence of the initial bond defect 
changed the failure mode of FRP-strengthened steel beam from the fiber rupture to 
intermediate plate debonding. With the initial bond defect, the effectiveness of the FRP 
strengthening scheme decreased as FRP modulus increased. The stiffness, strength, and 
ductility index of the CFRP-strengthened beam with the initial bond defect decreased as 
the defect size increased. However, the initial bond defect had no detrimental effect on the 
maximum load capacity and ductility index of the strengthened beams. The strengthening 
effectiveness in terms of stiffness, strength, and ductility enhancement was more 
pronounced in the case of the pre-damaged steel beam, of which the bottom flange had 
already yielded before installation of the CFRP plate, than the undamaged steel beam. 
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1. Introduction 
 
Use of fiber-reinforced polymer (FRP) materials for 
strengthening steel structures has been widely recognized 
due to their high mechanical properties and lightweight 
[1-5]. The FRP strengthening is superior to steel 
jacketing since no residual stress due to a welding process 
is induced. It is recommended for beams in chemical 
plants or oil storage tanks where a welding process must 
be avoided [6]. Previous research works have investigated 
the effectiveness of the externally-bonded FRP plates on 
strengthening steel beams [7-9]. Various analysis methods 
such as the principle of virtual work [8], nonlinear finite 
element analysis [10-13], and closed-form analytical 
solutions [9, 14, 15] have been proposed to predict the 
flexural behavior of the FRP-strengthened steel beams. 
Schnerch et al. [7] conducted a four-point bending test 
on steel beams strengthened with high modulus carbon 
fiber-reinforced polymer (CFRP) plates using different 
adhesives. The test results showed that the failure mode 
of the strengthened steel beam depends on the type of 
adhesive and FRP length. Possible failure modes include 
the fiber rupture and plate debonding. Debonding is a 
premature failure because the FRP plate is not utilized to 
the full tensile strength. Lenwari et al. [8] examined the 
effects of the FRP length on the flexural behavior of 
strengthened steel beams. The study concluded that the 
failure mode was fiber rupture in case of the long FRP 
plate. The plate debonding occurred in case of the short 
FRP plate. The plate debonding initiated at the 
termination point of the FRP plate and propagated 
towards midspan. Another failure mode is the 
intermediate debonding of the FRP plate. The 
intermediate debonding starts within the beam span and 
propagates towards the plate end [11, 16-18]. It may 
occur due to yielding of the steel beam or the presence of 
bond defects [17]. The debonding process is more 
gradual than plate end debonding [19]. In practice, the 
imperfections between the FRP strengthening system 
and the steel beam can be in the form of notches [12, 15, 
18, 20] and bond defects [15-17]. Some previous studies 
[21-27] have utilized an anchorage system to prevent the 
FRP debonding failure in the FRP-strengthened steel and 
reinforced concrete (RC) beams. In the FRP-
strengthened RC beams, the anchorage system was used 
to increase the FRP debonding strain [28]. Also, a 
combined use of glass FRP and CFRP laminates was 
proposed [29]. Using the anchorage systems, some tested 
steel and RC beams still failed due to FRP debonding [22, 
24, 30, 31]. From a literature review, the research works 
that investigated the effects of initial bond defects on the 
flexural response of CFRP-strengthened steel beams 
have been limited [16, 17, 19]. 
This research examines the effects of initial bond 
defects on the flexural responses of CFRP-strengthened 
steel beams. Effects of FRP modulus, FRP plate length, 
and condition of the steel beam before installation of the 
FRP plate (undamaged and pre-yielded conditions) are 
also investigated using a four-point bending test. The 
examined flexural properties include stiffness, strength, 
and ductility of the FRP-strengthened beams. 
 
2. Experimental Program 
 
In the experimental program, the test variables 
included the size of an initial bond defect, CFRP 
modulus, length of the CFRP plate, and condition of the 
steel beam before installation of the CFRP plate 
(undamaged and pre-damaged conditions). Table 1 
describes the tested steel beams. One steel beam without 
CFRP strengthening system was used as the control 
beam (CB), as shown in Fig. 2. Five beams were 
strengthened with Sika® CarboDur®M514 (BM) and 
two beams were strengthened with Sika® 
CarboDur®S512 (BS). The span length was 1.80 m. The 
CFRP lengths were 1.20 and 1.50 m, respectively. The 
notation “Y” indicates the occurrence of yielding at the 
midspan bottom flange before attaching the CFRP plate. 
This simulated the repair condition where severe service 
distress had already occurred in the beams. A numeric 
value “2a” after the symbol “-” denotes the length of an 
initial bond defect (mm) at the midspan. The cross 
sections of tested beams are shown in Fig. 1. A hot-
rolled wide-flange section W150 14.0 kg/m was used. 
Steel cover plates (300 mm wide by 12 mm thick) were 
welded to the top flanges of steel beams to prevent 
compression yielding. The nominal thicknesses (tfrp) of 
Sika® CarboDur®M514 and Sika® CarboDur®S512 
plates were 1.4 mm and 1.2 mm, respectively. The 
adhesive layer thickness (tadh) was 3.5 mm. 
Refer to Lenwari et al. [8], the plate length of at least 
1.20-m was chosen to avoid the plate end debonding 
failure. A pilot steel beam BM120-100 was tested until 
failure due to intermediate debonding. At the maximum 
applied load, the measured bottom flange strain at 
midspan section was 1.7%, which was approximately 9.7 
times the yield strain of the steel beam. The pre-loading 
was released before the CFRP installation. Note that the 
pilot steel beam BM120-100 is not beam BM120-100 
shown in Table 1. 
 
2.1. Material Properties 
 
Figure 3 shows the static test setup for tensile 
properties of steel and CFRP materials. The steel 
coupons were cut from flat regions of the flange of wide-
flange beams as in ASTM A370 [32]. The tensile 
properties of steel included yield stress, yield strain, and 
elastic modulus. Rupture stress and elastic modulus of 
CFRP coupons were obtained from the identical test. All 
coupon specimens were tested under displacement 
control at a rate of 1mm/min until failure. 
Table 2 shows the tensile properties of steel and 
CFRP plates. Note that E is elastic modulus, σy is yield 
stress of steel, and σfu is tensile stress of CFRP plate. The 
tensile strength of steel coupon is defined as σu. Tensile 
properties of SikaDur®-30 are based on the 
manufacturer data [33]. The elastic modulus and tensile 
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stress of SikaDur®-30 is 11,200 MPa and 31 MPa, 
respectively. Many works [34-40] showed that the 
variation of properties was relatively low. 
 
 
Table 1. Details of tested steel beams. 
 
Beam CFRP type 
CFRP plate 
length (mm) Predamage 
2a 
(mm) 
CB - - 
- 
- 
BM120-0 
Sika® 
CarboDur®M514 
1,200 
BM120-50 50 
BM120-100 
100 BM120Y-100 Yes 
BM150-100 1,500 
- BS120-0 Sika® 
CarboDur®S512 
1,200 
- 
BS120-100 100 
 
 
 
(a) Control steel beam (b) FRP-strengthened steel beams 
 
Fig. 1. Cross sections of tested beams (all dimensions in mm). 
 
 
 
 
(a) Front view (b) Midspan section 
 
Fig. 2. Instrumentation for control (unstrengthened) steel beam (all dimensions in mm). 
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Fig. 3. Tensile testing of coupons. 
 
Table 2. Tensile properties of steel and CFRP plates. 
 
Material E (MPa) σy (MPa) σu or σfu (MPa) 
Steel beam 178,091 318 458 
Steel plate 182,590 284 397 
Sika® CarboDur® S512 180,777 - 3,303 
Sika® CarboDur® M514 238,575 - 2,522 
 
2.2. Initial Bond Defects 
 
In this study, the bottom flange surface of steel 
beams was prepared by SA3 sandblasting (blast-cleaning 
to visually clean steel condition). This process was 
classified according to ISO 8501-1 [41]. Then, the CFRP 
plate was adhesively bonded within three hours after 
sandblasting of the bottom flange surface to avoid the 
contamination from either dirt or rust. The adhesive 
curing time was 30 days to ensure the bond between FRP 
and the steel substrate. 
An initial bond defect at the steel-adhesive interface 
was introduced using the polyester film-based insulation 
paper as shown in Fig. 4. The thickness and length of 
insulation paper were 0.25 mm and 100 mm, respectively. 
An insulation paper was folded and temporally affixed on 
the steel surface using a transparent tape. The width of 
the insulation paper varied from 50 to 100 mm in order 
to create the initial bond defect. The polyester film was 
slippery. This simulated the unbonded condition at the 
steel-adhesive interface. The insulation paper was 
positioned at the bottom flange of the steel beam at 
midspan before the installation of CFRP plates. 
 
2.3. Test Setup and Instrumentation 
 
A static flexural test was conducted under four-point 
bending as shown in Fig. 5. A 300-kN capacity hydraulic 
jack was used to apply the load using the spreader steel 
beam. The applied loads were transmitted through the 
steel rollers at bottom of the spreader steel beam. The 
spacing between two applied loads was 150 mm. The 
tested beams were placed on the roller supports, which 
allow the beams to behave in a simply supported manner. 
The test was carried out under displacement control until 
failure. The rate of midspan deflection was controlled at 
1 mm/min. 
Electrical resistance strain gages were installed to 
measure the strain distribution along the section height 
of beam CB, as shown in Fig. 2. Strain gages and 
displacement transducers are denoted by “SG” and 
“DT”, respectively. SG1 located at the bottom surface of 
the bottom flange, and SG2 was installed at the upper 
surface of the bottom flange. SG3 and SG4 located at 
mid-height of the W150×75 section and the bottom 
surface of the top flange, respectively. The compressive 
strain at top surface of the steel cover plate was 
measured by SG5. Three displacement transducers 
measured the deflections at midspan and locations near 
the CFRP plate terminations. 
For FRP-strengthened steel beams, the FRP strains 
were measured with nineteen strain gages as shown in 
Fig. 6. Thirteen of them were attached on the CFRP 
plate. The other six were installed on the steel beam and 
cover plate. 
Figure 7(a) shows the strain gage locations for FRP-
strengthened steel beams. SG1, SG2, SG18, and SG19 
were used to detect the debonding near the plate ends, 
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while SG3-SG6, SG13, SG15-SG17 were used to detect 
the intermediate debonding. SG8 was used for the FRP 
tensile strain at midspan. The bottom flange yielding 
within the initial bond defect zone was observed from 
three strain gages SG7, SG9, and SG14 at the steel 
bottom flange. Additional strain gages were also installed 
to measure the strain distribution across the midspan 
section, as shown in Fig. 7(c). However, typical strain 
signals for the detection of steel yielding, fiber rupture, 
and intermediate debonding will be presented in the 
paper. 
For the unstrengthened steel beam (beam CB), the 
test was terminated when the compressive strain at the 
steel cover plate reached 75% of yield strain of the steel 
plate. Tensile strain at the bottom flange was about 
1.97%, which is approximately 11 times the yield strain 
of the steel beam. The test on FRP-strengthened steel 
beams was terminated when FRP rupture or debonding 
occurred. The applied loads rapidly decreased before the 
global failure of the beam. The maximum midspan 
deflection was defined by the midspan deflection at the 
maximum load. Strain, deflection, and applied load values 
were recorded with a data logging system during the test. 
A dual sampling rate was chosen. A 100 Hz sampling rate 
was selected to capture an abrupt event triggered by fiber 
rupture and intermediate debonding. A sampling rate of 
5 Hz was used for the investigation of static behavior of 
tested beams. 
 
 
 
(a) Polyester film-based insulation paper (b) Paper position at bottom flange 
  
(c) CFRP plate installation (d) Removal of excess paper 
 
Fig. 4. Creation of initial bond defect. 
 
 
 
(a) Loading condition (b) Instrumentation 
 
Fig. 5. Test setup for tested beams (static four-point loading scheme). 
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(a) Front view (b) Bottom view of CFRP plate 
 
Fig. 6. Instrumentation on FRP-strengthened steel beams (all dimensions in mm). 
 
 
 
(a) CFRP strain gages 
  
(b) Section at tips of initial bond defect (c) Midspan section 
 
Fig. 7. Details of instrumentation on CFRP plate and steel beam (all dimensions in mm). 
 
3. Experimental Results 
 
Table 3 summarizes the static test results of all tested 
beams. The flexural properties include the midspan 
deflection at yield load (Δy), yield load (Py), midspan 
deflection at maximum load (Δmax), and maximum load 
capacity (Pmax). The yielding of steel beams refers to the 
state when upper surface of the bottom flange yielded. 
The secant stiffness is defined as the ratio between Py 
and Δy. The ductility index is defined as the ratio between 
Δmax and Δy. 
Four displacement transducers were installed to 
measure the deflection at midspan and points near the 
plate ends, as shown in Fig. 8. Two transducers were 
affixed at the midspan. One of them was pointed to the 
lower surface of the bottom flange and the other one to 
the FRP plate. The midspan deflection was based on the 
transducer pointed to the lower surface of the bottom 
flange. 
A video camera recording in slow-motion at 1,000 
frames per second was used to capture the time when 
failure occurred in the FRP-strengthened steel beams. 
The fiber rupture occurred in strengthened beams with 
no bond defect, while the intermediate debonding 
occurred in strengthened beams with an initial bond. Fig. 
9(a) shows the failure of beam BM120-0 which is a 
typical fiber rupture (FR) failure. Some broken carbon 
fiber pieces detached from the FRP plate as depicted in 
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Fig. 10(a). Figure 9(b) shows the failure of beam BM150-
100 which is a typical intermediate debonding (ID) 
failure. There is no evidence of broken carbon fiber 
pieces detached from the FRP plate. Some portions of 
the FRP plate were adhered at the lower surface of 
bottom flange, as shown in Fig. 10(b). 
Figure11 shows typical strain gage signals for 
detection of the steel yielding, fiber rupture, and 
intermediate debonding. It can be seen that yielding of 
the steel beam occurred before fiber rupture and 
intermediate debonding. The cracking sound occurred at 
the time when the first fiber breaking of the CFRP plate 
was detected. In case of the intermediate debonding, the 
FRP strain suddenly dropped after debonding. 
 
 
Table 3. Flexural properties of tested steel beams. 
 
Beam 
Δy 
(mm) 
Py 
(kN) 
Stiffness 
(kN/m) 
Δmax 
(mm) 
Pmax 
(kN) Δmax / Δy 
Failure 
mode* 
CB 4.95 98.3 19,865 19.92 132.5 4.03 BFY 
BM120-0 4.44 96.1 21,647 14.64 163.1 3.30 FR 
BM120-50 3.77 85.6 22,720 18.75 191.0 4.98 ID 
BM120-100 4.51 87.1 19,287 17.39 163.9 3.85 ID 
BM120Y-100 5.24 120.5 22,985 24.51 198.7 4.68 ID 
BM150-100 4.55 98.5 21,654 16.39 182.5 3.60 ID 
BS120-0 4.51 89.5 19,846 23.60 182.1 5.23 FR 
BS120-100 3.97 79.3 19,957 33.52 200.3 8.44 ID 
Remark * BFY = Bottom Flange Yielding; FR = Fiber Rupture; ID =Intermediate Debonding. 
 
 
 
 
Fig. 8. Beams specimens during static testing. 
 
 
  
(a) Fiber rupture (beam BM120-0) (b) Intermediate debonding (beam BM150-100) 
 
Fig. 9. Failure modes of CFRP-strengthened steel beams. 
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(a) Fiber rupture (beam BM120-0) (b) Intermediate debonding (beam BS120-100) 
 
Fig. 10. Close-up view of failure modes of CFRP-strengthened steel beams. 
 
 
 
(a) Fiber rupture mode (beam BS120-0) 
 
(b) Intermediate debonding mode (beam BM120-50) 
 
Fig. 11. Typical strain gage signals for detection of steel yielding, fiber rupture, and intermediate debonding. 
 
3.1. Effect of FRP Modulus on Flexural Properties 
 
Figure 12 shows the load-deflection relationships of 
the control beam and CFRP-strengthened beams. 
Without an initial bond defect, an increase in FRP 
modulus improved the stiffness of the strengthened 
beams by 9%, but decreased the strength and ductility 
index by 10% and 37%, respectively. With an initial bond 
defect, the effect of FRP modulus on the stiffness was 
minimal. However, the strength and ductility index of the 
strengthened beams decreased by 18% and 54%, 
respectively, when FRP modulus increased (by 32%). 
Therefore, the detrimental effect of FRP modulus on the 
strength and ductility of FRP-strengthened steel beams 
increased due to the presence of an initial bond defect. 
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(a) FRP modulus (no bond defect) 
 
(b) FRP modulus (with bond defect) 
 
Fig. 12. Effect of FRP modulus on load-deflection curve. 
 
3.2. Effect of Initial Bond Defect Length on 
Flexural Properties 
 
Figure 13 compares the load-deflection relationships 
of CFRP-strengthened steel beams containing an initial 
bond defect of different lengths (about 4-8% of FRP 
length). In case of low FRP modulus, the effect of initial 
bond defect length on the stiffness was minimal. When 
there was an initial bond defect, i.e., the FRP plate was 
not perfectly bonded to the steel beam, the yield load 
decreased by 9-11%. However, the initial bond defect 
improved the strength and ductility of the strengthened 
beams. The maximum load capacity was enhanced by 10-
17% compared to the capacity of the beam without an 
initial bond defect. The ductility index was also increased 
by 17-61%. Possibly, the strain in FRP plate was reduced 
because some parts of the FRP plate within the 
maximum moment zone was not fully bonded to the 
steel beam. These findings are consistent with Choi et al. 
[42] who reported that the load capacity of the 
strengthened beam increased when the length of bond 
defect increased. 
 
3.3. Effect of FRP Plate Length on Flexural 
Properties 
 
Figure 14 compares the load-deflection relationships 
of CFRP-strengthened steel beams using different plate 
lengths. It can be seen that strength and stiffness of the 
strengthened beam increased as FRP length increased. In 
this study, an increase in FRP length of 25% increased 
the maximum load capacity by 11%, while it decreased 
the ductility index by 6%. 
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(a) initial bond defect length (beam strengthened with Sika® CarboDur® M514) 
 
(b) initial bond defect length (beam strengthened with Sika® CarboDur® S512) 
 
Fig. 13. Effect of initial bond defect on load-deflection curve. 
 
 
 
Fig. 14. Effect of FRP bond length on load-deflection curve. 
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3.4. Effect of Pre-damage of Steel Beam on Flexural 
Properties 
 
A comparison between BM120-100 and BM120Y-
100 reflects the effect of condition of the steel beam 
before strengthened with the CFRP plate. Figure 15 
compares the load-deflection relationships between both 
beams. The strengthening scheme was more effective for 
the pre-damaged (pre-yielded) steel beam than the 
undamaged one. The stiffness, strength, and ductility 
index of the FRP-strengthened pre-damaged beam was 
higher than FRP-strengthened undamaged beam by 19%, 
21%, and 22%, respectively. The improvement of 
strength, stiffness, and ductility index of the pre-damaged 
beam over the undamaged beam could be caused by the 
attained residual stains due to the pre-damage. The 
results are based on the beam that was preloaded until 
the measured bottom flange strain at midspan section 
was 9.7 times the yield strain of the steel beam. 
 
 
 
Fig. 15. Effect of pre-damage on load-deflection curve. 
 
4. Conclusions 
 
In this research, the effects of initial bond defect size 
introduced in the constant moment region, FRP modulus, 
length of the FRP plate, and condition of the steel beam 
before installation of the FRP plate (undamaged and pre-
yielded conditions) on the flexural properties of CFRP-
strengthened steel beams were investigated. The main 
conclusions are as follows, 
(1) Without an initial bond defect, the failure mode 
of CFRP-strengthened steel beams was the FRP plate 
rupture. The FRP plate was effective on enhancing the 
maximum load carrying capacity of the steel beam by 23 
to 37%. A lower modulus plate was more effective than 
the higher modulus one in terms of load capacity and 
ductility index. However, it was less effective for stiffness 
enhancement. 
(2) The presence of an initial bond defect changed 
the failure mode of the FRP-strengthened steel beam 
from FRP rupture to intermediate debonding. The 
CFRP-strengthened steel beam with an initial bond 
defect showed an increased maximum load capacity and 
ductility index. Compared to the strengthened beams 
without the initial bond defect, the maximum load 
capacities were enhanced by 10 to 17%, while ductility 
indexes were enhanced by 17 to 61%. 
(3) For the strengthened beams having the same 
initial bond defect size, the use of longer FRP plate 
increased the yield load, maximum load, and stiffness by 
13%, 11%, and 12%, respectively, but decreased the 
ductility index by 6%. 
(4) More pronounced strengthening effects on the 
stiffness, strength, and ductility were observed on the 
pre-damaged steel beam, of which the bottom flange had 
yielded before installation of the CFRP plate, than the 
undamaged one. 
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